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Lt. Col. Ted S. Cress, Program Manager
Directorate of Chemical and Atmospheric Sciences
Air Force Office of Scientific Research (AFSC)
Bolling Air Force Base

Washington, D.C. 20332

Subject: Final Report for AFOSR Contract F49620-79-C-0198 ,1 /

Dear Col. Cress:

The research project entitled “Studies on Light Scattering and Absorp-
tion Properties of Ice Clouds for Visible and Infrared Laser Wavelengths"
has been supported by AFOSR under the above contract number from 1 June
1979 to 30 December 1982. The research accomplishments during this period
may be divided into experimental and theoretical phases.

On the experimental side, three papers have been published in the area
of the propagation of CO, laser radiation through clouds consisting of ice
crystals and water drops. First, measurements of the angular scattering
and exctinction of 10.6 um laser radiation in laboratory water and ice
clouds were carried out and compared with theoretical predictions for spheres.
Strong internal energy absorption was found in the experiment. Dual-wavelength
extinction measurements reveal information on the growth and dissipation of
laboratory water clouds and the effects of cloud seeding. Secondly, experi-
ments on 10.6 um CO, laser beam-ice crystal interactions revealed the dis-
ruptive nature of laser energy to ice cloud content under some conditions
due to high internal absorption of ice with respect to this wavelength.
Observed effects resulting from CO, laser irradiance range from the instan-
taneous fragmentation of large crystal branches to changes in the habit of
growing ice crystals. Thirdly, measurements of the evaporation rate of
water drops with diameters on the order of 1-2.5 mm suspened in a CQ, laser
beam have been carried out using an optical technique. The results illus-
trate a time rate of change of drop radius on the order of 1.6 um sec™?
increase over the natural evaporation rate produced by 10.6 um energy
absorption at an irradiance of ~1.65 W m~2. In addition, examination of
the ability of planar ice crystals to assume horizontal orientations during
fall as a function of crystal diameter was performed. It is concluded
that the prediction for stable fall in terms of Reynold's number (Re)
through the range 1 < Re < 100 is generally valid in the atmosphere and
that crystal diameters greater than 0.1-0.2 mm are required to generate the
optical displays.

With respect to theoretical accomplishments, one review paper and four
research papers have been published. The review article was concerned with
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the current understanding of the 1ight scattering properties of ice crystals
and radiative characteristics of ice clouds (up to 1981). The significance
of light scattering and radiative properties of ice crystals were discussed
in relation to remote sensing and climate applications. One of the theoret-
ical papers proposed a time-dependent transfer model for multiple backscat-
tering involving a pulsed laser beam and clouds. The theory developed in-
cluded a general four-by-four scattering phase matrix and required no
specific physical approximations. Using laser wavelengths of 0.7 and 10.6
um, we investigate the effects of the transmitter beam width and receiver
field-of-view on the multiple backscattered return, depolarization and
polarization characteristics. Three papers are associated with the study

of light scattering by hexagonal ice crystals. In one of these papers,

we have developed a scattering model involving complete polarization infor-
mation for arbitrarily oriented hexagonal columns and plates on the basis
the ray tracing principle which includes contributions from geometric reflec-
tion and refraction and Fraunhofer diffraction. A traceable and analytic
procedure for computation of the scattered electric field and the associated
path length for rays undergoing external reflection, two refractions and
internal reflections was developed. An analytic expression was also derived
for the scattering electric field in the limit of Fraunhofer diffraction due
to an oblique hexagonal aperture. Results of the six independent scattering
phase matrix elements for randomly oriented large columns and small plates,
having length-to-radius ratios of 300/60 and 80/10 um, respectively, demon-
strated a number of interesting and pronounced features in various scattering
angle regions using a laser wavelength of 0.6328 um. Comparisons of the
computed scattering phase function, degree of linear polarization and
depolarization ratio for randomly oriented columns and plates with experi-
mental scattering data obtained by Sassen and Liou (1979) for small plates
show close agreements, especially for the depolarization ratio. This paper
represents a fundamental contribution to the field of light scattering by
nonspherical particles. Using the computational technique developed in

this paper, we further carried out comparisons with results calculated from
the T-matrix method for randomly oriented hexagonal cylinders and equivalent
spheroids. Using a wavelength of 0.7 um and size parameters of ~25, we

show that there is general agreement for the phase functions for hexagonal
cylinders and spheroids with the same overall dimensions or surface area,
except for the 22 and 46° halo features and the backscattering maximum.

The Tinear polarizaton component differs in the forward directions where
hexagonal cylinders have two positive polarization maxima. Large differ-
ences are found in the other matrix elements.

A list of the papers relevant to the above contract is attached in
this report. We would Tike to thank the AFOSR and AFWL for the continuous
support over a number of years from which significant advances of our
knowledge and understanding on light scattering and absorption by ice
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crystal clouds have progressed.

Respectfully submitted, N
Lépd;——%?-&—
Kuo-Nan Liou
. Professor
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STUDIES ON LIGHT SCATTERING AND ABSORPTION
PROPERTIES OF ICE CLOUDS FOR VISIBLE AND

INFRARED LASFR WAVELENGTHS

K.N. Liou and Mike Griffin

Department of Meteorology
University of Utah
Salt Lake City, Utah 84112
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by the Air Force Office of Scientific Research under contract F49620-79-
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Fig.

Fig.

Figure Captions

Normalized scattering phase function as a function of scattering
angle for randomly oriented hexagonal columns (with length 2 and
radius a of 300 and 60 um, respectively) illuminated by a laser

wavelength of 0.55 um.

.~ Normalized scattering phase function as a function of scattering

angle for randomly oriented hexagonal plates (%/a = 8/10 um)
illuminated by a laser wavelength of 0.6328 um.

Normalized scattering phase function as a function of scattering
angle for randomly oriented hexagonal columns (%£/a = 5/1 um)
illuminated by a laser wavelength of 0.7 um.

Normalized scattering phase function as a function of scattering
angle for randomly oriented hexagonal plates (#£/a = 2/2.5 um)
illuminated by a laser wavelength of 0.7 um.

Normalized scattering phase function as a function of scattering
angle for randomly oriented hexagonal columns (%/a = 300/60 um)
illuminated by a laser wavelength of 1.3 um.

Normalized scattering phase function as a function of scattering

300/60 um)

angle for randomly oriented hexagonal columns (%/a

illuminated by a laser wavelength of 3.8 um.

.- Normalized scattering phase function as a function of scattering

angle for randomly oriented hexagonal columns (%/a = 300/60 um)
illuminated by a laser wavelength of 10.6 um,

Normalized scattering phase function as a function of scattering

angle for randomly oriented hexagonal plates (&/a = 30/37.5 um)
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illuminated by a laser wavelength of 10.6 um.

Fig. 9. Scattering phase function comparisons for randomly oriented plates
(2/a = 30/37.5 ym) and columns (&/a = 300/60 um) illuminated by
a laser wavelength of 10.6 um (ref. Figs. 7 and 8).

Fig. 10. Scattering phase function comparisons for randomly oriented plates
(2/a = 2/2.5 um) and columns (2/a = 5/1 um) jlluminated by a laser
wavelength of 0.7 um (ref. Figs. 3 and 4).

Fig. 11. Scattering phase function comparisons for randomly oriented columns
(2/a = 300/60 um) illuminated by laser wavelengths of 0.55 (0.7),
1.3, 3.8 and 10.6 um.
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o

A .

N Table 1. Real and imaginary parts of the refractive index, scattering and
5 extinction cross sections and single-scattering albedo for various
Wy

e wavelengths and crystal dimensions.

It

D™ . . .

Yt Tables 2-9. Six scattering phase matrix elements Pll’ P12, P22, P33, P43
’%f; - and P44 for randomly oriented hexagonal ice crystals as functions
LN

':}: of the scattering angle in two degree intervals. These elements

= 4

o) are defined by

Ad.

N B .

- Prp1 P12 0 O

]

N P P 0 0

(o 3(0) = 12 22

S

o 0 0 Py3 Py

) L J

5

'i.

: where P11 denotes the normalized scattering phase function displayed
I

ﬁ%; in the figures. -P12/P11 represents the dgree of linear polarization
o

j?i for incident unpolarized light. Also, P,,/P,; denotes a measure of
o

:ff depolarization when the incident light is linearly polarized. Elements
1:; P33, P43 and P44 are associated with the Stokes vectors U and V.
Q;FQ Laser wavelength and crystal dimension along with pertinent optical

o parameters are listed in each Table.
oo Table 2. X = 0.55 um, 2/a = 300/60 um.
o Table 3. A = 0.6328 ym, 2/a = 8/10 m
r:.:_

or Table 4. A = 0.7 ym, #/a = 5/1 um
N
e Table 5. A = 0.7 ym, 2/a = 2/2.5 um
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Table 7.
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Table 8.

A =10.6 um, 2/a = 30/37.5 um
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Table L. Real and imaginary parts of the refractive index, scattering and

extinction cross sections and single-scattering albedo for various

wavelengths and crystal dimensions.

L/a A m, m, o oy @y
(um) (um) (10-* cm?) (10-* cm?)

300/60 0.55 1.310 0.000 5.653 5.653 1.000
0.7 1.310 0.000 5.653 5.653 1.000
1.3 1.296 1.2x10%| 5.508 5.623 0.979
3.8 1.383 0.007 3.205 5.623 0.570
10.6 1.097 0.134 2.999 5.653 0.531
10.8 1.038 0.169 2.997 5.653 0.530
11.9 1.259 0.409 3.110 5.653 0.550
5/1 0.7 1.310 0.000 0.002 0.002 1.000
2/2.5 0.7 1.310 0.000 0.003 0.003 1.000
30/37.5 | 10.6 1.097 0.134 0.413 0.735 0.561
8/10 0.6328 | 1.300 0.000 1,000
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Real refractive ands
Imadinary refractive 1nde
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ZL.OE-7 cm#cm
1. 000

Scattering cross section
Extinction cross sectian
Sindle scatterindg albedo

Wavelength = Q.7 um
1/a = 2/2.5
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cALZZIE-01 -, 273SSE-02 L 4599Z2E-01 —.42752E-01 —.Z202&6E-QZ2 -, 42&79E-0O1
LAOT7LSE-01 —LZ0126E-02 L 403B3E-01 —-.374649E-01 —.32452E~-02 -, 37547E-01

1 LR7104E-01 -~ 319YRE-Q2 L BET700E-01 -, 2427SE-01 —-.474L72E-Q02 -, 34142E-01
0 J32758E-01 -.28927E-02 ,322320E-01 —-.30343E-01 ~.55779E-02 —,30120E-01
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. 3G3I74E-01 -, 10285E-02 J25974E-01 -, 33927E-01
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4z . 74S20E-01 L 43E22E-02 . 73V0RE-01 -, 70S59SE-01 —-.85857E-02 -.70513E-01
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Real refractive i1ndex = 1,294
e Imaginary refrractive index = 1,320E-5
e
LS Scattering cross section = S.50ZE-4 cm#cm
Tt Extinction cross section = S.422E-4 cm#cm
?\j Tingle scattering albedo = 0,979
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. Tablc 7

Real refractive 1ndew = 1,324
Imadinary refractive index = A,725E-2
Scattering cross section = Z,Z05E-4 cm#cm
Extinction cross section = S,.622E-4 cm#cm
Single scattering albedo = O,570

Wavelendgth 3.5 um
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.::5065+04

.5?7“°E+01

« DD2ZTE+OO

- 11 315E+00

. J2241E-01
—.LA7723SE-Q2
-.&1774E-02
-.17107E-01
—-.22442E-01
- 22694E-01
-, 20459E-01
-, 13225E-01
-.37424E-01
-, ?7242E-01
- S42146E-01
- 63T7OLE-O]
- 4Z2L42E-01
-. 21334E~01
- Z23P97E-0O1}
-. 17522E-01
- 11745E-01
~-. 10070E-01
-~ 27127E~-02
- 72RLLE-02
— 2 L1 ALSE~O2
—. 947 LTE-O2
- 4TS VE-Q2
-, 449932E-02
- IS71ZE-O2
- 2R7EAE-O2
-, Z0S47E-02
-  27302E~-02
- 218460E-02
-, 34952E-02
-.21451E-Q2
-.14229E-0Q2
- 100Z20E~02

4L7LZ2E- u:
SE3P2E-03
4744L9E~-03
42326E-03
4444%5E-0%
4QL02E-03
2491Z2E-03
294235E-02
2042Z20E-07%
273235E-02
Z4L49E~-Q3
21412E-03
ZOALIE-O2
24L6BZE-OZ
Z22OZLE-O2
1S349E-03
72804E-04
1204A4E-0Q2
20942E-03
12166E-02
21S21E-04
17222E-03
23I719E-02
26490E-03
27Z213E-02
°Q777E—0’
Z293Z2E-02
F6137E-03
DAY TE-Q2
I7347E-03
ZRO7E-Q3
Ze211E-032
Q2LSE-O2
S472E-02
707 E—u~

G

O SR R
D 1_0

[
P
I
[y
m
O

W

S ASOZE- n~

I\

——— . . — —— T —————— " " ——— — _——— T St i T —— i — — S T — o T T — — ————— —— — ————— —— > S ——— —— ———— — f—— —— " f— ——

P 223I9SE+04
.Lq3S?E+OE
:

.25237E+OO

~11Z21SE+QO

. 2Z2259E-01
- E7TI2E-O2
- &1779E-02
-.17102E-01
-.22449E-0Q1
—.2269%E-01
- 20460E-01
—-. 13226E-01
—.3743Z4E-01
—-.P7521E-01
- 34202Z2E-01
- L3220E-01
- 427 4LZE-O1
-. 21P22E-01
- 28024LE~-O]
—-. 17657E-01
- 11211E-O01
- 10104E-01
- S737VE-Q2
-.73077E-02
- 61722E-02
-.54832E-02
- 49924E-02
—.45132QE-02
-.38921E-02
-« 34009E-0Q2
—. 20722E-0Z2
- 27567E-Q2
- 22257E-0OZ
- 3D4L6LE-02

—.21724E-02

- 1S222E-02

-. 10540E~-0QO2

AISTHE-OZ -, ? 4264 ZE-02 —,S9246E~-03 BAIQGILE-O3 -, LLSZIE-OX
 3TVIOLE-QZ -, 4/1wE—n° AR LEIE-QZ =, 45490E-03 ZESL0E-Q2 -, S14A71E-0OZ
L 4BRESAE-OL —.??'47F—u' e 47L49E-02 -, 27931E-0% JYR4T7E-032 -, 33IFAYE-0QZ
832 L ALYTIE-0OZ it ”E Q2 L45720E-02 —.24490E~-04 —, 3220LE-03 -, 14557E-QZ=
24 L4S101E-02 2" LA4ZIIE-0Z J11Q3ZE-03 —, 3656AE-02 . 43S49E-04
S LARPZZE-O2 —.Qﬁ24OE—OE LAZ04TE-0T L FOTDISE-OZ -, F492SE-02 [ 2424T7E-02
22 LA1AZLE-Q2 -, PATESE-OZ L 40S2SE-02 L 4R12T7E-Q3 - ??llnE—nﬁ A1 3PE-0T
20 L A0AZOE-OLY -, ZRL44E-07 DS ZE-0Z 0 JA2041E-03 —, T1O40E-0F [ S704LTE-OX
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b b ek ek peb

£l
Lo CRT N S S

" R

« ZPSS0E-02
. ZRSZPE-02
. 378410E-Q2
« I5IVTE-02
. Z4524E-02
< S2171E-02
. 21752E~-02
2L52E-02
« JEZYZE-02
C2779SE-Q2
«27197E-02
«27167E-02
e 27152E-02
« ZLR0LE-Q2
. 2644L0E-Q2
LZS7432E-02
« 242484E-02
. 2495 VE-Q2
« 2507 ZE-02
« 2S187E-02
ZS2O1E-02
«Z2S407E-02
. 2S412E-02
L2DE12E-02
P ED2ZTE-OZ
L2451 PE-0O2
 DDLAEZE-OZ
2215 ZE-OZ
« 22L3ZSE-02
«22540E-02
 SDRBLSE-OZ
e 2542VE~-0Q2
. ZESEYE-02
L 23316E-02
s 2LEQVZE-O2
«ZBT70OZE-O2
L 2ZFITE-OZ
«24294E-02
« 284L74E-02

24176E-02
. 28AQT7E-0Q2
LE2TELITE-0O2
CSZ2149E~-0O2
. 10A71E-01

R IR ‘...'. Nt L
t':.f:.n'}). c'} -':-':".}.'} -

|
.
—-

-, S155

—. 2450Z2E-02
= 223L1E-02
= 2R2213E-0Z

=. Z1042E-02

YE7O0E-0OL

—« 1 2A9ZE-0Z

«17527E-0Z

=« 16016E-02
-. 14874LE-02

«1403ZE-02

- 12129E-02
- 12222E-02
- 11S12E-02
- 10772E-0Q2
-. 100322
- P1ESIE-O2

-0z

DEOZALE-0O3

— . 73256E-03
. 7Z2475E-02

- ABLFAE~O3

—AEPIZE-OZ
—. S2542E-02

- 41 35E-03
- . 44LT7SE-OQZ

—.H34459E-Q
—. 3162TE-0OZ
—. 227 1E-QZ
— e 2HPLT7E-Q2
— e 2LOLZE-OZ
- 2132323E-02
- 13504E-02
- 1S54667E-02
- 12820E-02
- PA0ZZE-04
- LQ097E~04

SE-04

- 37012E-04
= 22206E-04
- 2279I92E-05

1 PRE7E-05
. 2OSS1E-04
« LZ304AE-04
C45475E-12

. .‘"

L

. * - Tt e e DRI At et s et T . -t e ™ -
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S9E-02
. ZODVEE-O2
 Z89320E-02
« 27L20E~02
« 27021E-02
« 2E43ZE-OQ2
« 263BLE-02
« 2EZ1ZE-02
e 2SP6ZE-02
e 2S615E-02
e 2427 0E~-Q2
 ZBVZZE-OZ
« Z40LZE~-OZ
« 241 24E-0O2
« 24Z204E-02
< 284217E-0Q2
. 281 20E-0Z2
« SZIQIE-Q2
P ZSTERE~OZ
. 22045E-02
c 221 P4E-0O2
e Z164ZE~0O2
« Z21092E-02
e Z2012E-0O2
« Z2A4422E-OZ
« Z28050E~-02
. 241ST7E~OQZ
P 24520E-02
. Z4T2/4E-O2
« 2337 2ZE-0O2
« Z22451E-02
e 227 ZLE-02
. 2SOZZE-02
. Z2304E-02
c 21352E-02
e 21712E-02
P Z29EE-OZ
. 122097502
 LETHOUE-OZ

« 77I4LE-OZ
. P2IT0E-02
. 1071SE-02
. 113Y9E~02
. 12081E-02
« 142A2E-0OZ
«15444E-02
« 16326E-02
. 17004E-02
c17526E-02

120LT7E~02

L 18S19E-02

< 18903E-02
« 19207E-02
-19511E-02
« 196L1E-02
. 19%744E-02
« 2O2P97E-02
. 2OSS0E-02
. 21403E-02
 Z1VEREE-OZ
» 22TOLE-OQZ
 JZT1IE-OZ
L Z22871E-02
« Q29TIE~OZ
 224TT7E-02
. 21314E-02
. 213257E-02
< 2OP00E-02
e 21374E-02
o 242T9E-0Z
 2ZVAIE-OZ
. 28095E-02
. 24470E-02
. 24544E-0Q2
< 12219E-02

- oo

. 224546E-02
o 2405ZE-0Z
« 2364LE-O2
o SROLBE-O2
« 240324E-02
P 2EST71E-0Z
c. 1253EE-02

= LST7EPE-02

— —— e " s D e o o ol s P W e " S oy S Y = S - o Y i —— o . S — — T Y—— i —— — — ———— o —

228SSE-02 -

-.22111E-03
-. 19494E-0%

« 16277E-03
»142461E-03
- 10120E-03

- 770&LE~-04
-.AS212ZE-04
-.52259E-04
- S32776E-04
—-. S4634E-04
~.47432E-04
~. 40221E-04
- . 26235E-04

P2OZ0E-05
«27727E-06
. 109SCE-04
. 210328E-04
«31118E-04
«42317E-04
. 42854E-04
. SOAQZE~04
e D22LTE-0O4
. S2442E-04
. SRZZSE-04
« SOFT7ELE-0O4
. 424617E-04
. 47291E-04
« ITOZZE-04
« SZ20S6E-04
- 34Z1SE-04
. S2044E-04
AI272Z2E-04
. 270132E-04
. STEZIZ2E-04
. DP20SE-04
«64272E-04
« HEZS3ISE-04
e S7123ZE-04
«SR2221E-04
c41297E-04
« 284906E-04
«45473E-12

. 7219SE-0%
LA7I2ZEE-03
.1018SE-02
. 11379E-02
. 12572E~-0Z
. 12745E-0Z
. 14959E-0z
. 1S787E-02
. 16434E-02
. 16948E-02
. 17863E-02
. 172328E-02
. 18242E-02
. 18520E-0z
. 18798E-02
. 18294E-02
. 18901E-02
. 17407E-02
. 19912E-02
. 20417E-0z%
. ZOY2ZIE-0Z
. Z138SE-0Z
. Z1604E-0Z
. 21585E-02
. 2156LE-0Z
. Z1080E-02
. Z044ZE-0OZ
. 19956E-02
. 19471E-02
. 20475E-02
. 2297SE-OZ
. 22660E-0Z
. 2ZE57E-0Z
. 23322E-0Z
. Z27SEE-OZ
. 22349E-02
. 21570E-02
. Z2094E-02
. 22618E-02
. 22024E-0%
.Z1111E-0Z
. 2145SE-0Z
. Z2S4LE-0Z
. 40745E-02
. BELISE-0Z

. . PR S T
. IR I S I P IR
v ORI G L i
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«21074E+032
« P2164LE+02
« P0720E+01
« 27451E+01
« 1021Z2E+01
. 31117E+400
. ZR2TIEHOO
« 15275E+00
. 72704E-01
. 443275E-0O1
. 26042E-01
« 230Z24E-01
. 31459E-01
. 17902E-01
« 13927E-01
 123922E-01
. 112372E-01
e PE172E-OZ
e 77625E~02
 LALAZZE-O2
« SPRT2E-O2
L S2125E-02
. A7S555E-02
L AR2LE-02
« 390OIZE-02
« IS4AL1E-0OZ

T e F1EBSE-02

e 2271 2E-02
« 2LD74E-0O2
. 28432LE-OL
« 22292E-0OL
E2OLZZE-OL
SATI1IE-OL
1 7SPOE-O2
16529E-02
e 15421 E-D2
« 14534AE-02
« 18027E-02
12622E-02
e 123134E-02
« 1254646E-02
AN1P2T7E-O 2
. 11402E-02
L A1OP4K--0O7
L lOEATE -0

1Ot E—0)

Real

Imadginary refractive

Zcattering
Extinctian

refractive index = 1,107
index = O, 1245
crose section = 2.979E-
cross section = S.AS3E-
Sindle scatterindg albedo = 0,531
Wavelength 10.46 um

« OQOQOE+QQ
—.?1742E-03
—. 134Q06E-02
-. 19552E-02
- 22783E-02
— . 2452&6E-02
—-. 15252E-02
—. 21283E-03
-, 12224E-02
-, 14952E-02
- 12201E-02
—. 2431 ZE-O2
-, 22726E-02
- 17241E-02
—-.27240E-02
-.Z1415E-02
-, Z22979E~-QZ
-, 2H544E-0Q2
— 2501 Z2E-02
- 23R24E-QL
- Z2L5LE-QZ
-, 21674E-02
-, 20735E-02
-, 19729E-Q2
- 18574E-02
—=. 1736ZE-02
—-. 164224E-02
- 15220E-02
-. J4405E-0Z
-, 12491€-02
-, 124644E-02
~-.11=2A4E-02
—. 11044E-0O2
-, 10395E-02
=~ W72Z20E-0OZ2
- P1075E-02
- EB7150E-02
- . B222LE-0O3
-, 72947E~Q%
-, 7274 2E~-O3
- LBIETE-O2

= HIVAZE-OZ

- a44 -0

Table &

1/a

« 2104L5E4+Q3
P2ILLEHOZ
- 90720E+01
« 27451E+01
«10713E+01
21117E+00
. 2ZJTIEFOQO
S 1927TE4O0
. 72700E-01
«44371E-01
. 2HO045E-01
 2TO22E-01
. 21457E-01
- 17207E-01
L 15926E-01
« 1239Z27E-0O1
. 112372E-01
LY 2E-0Z
 776Z22E-02
o BLLZPE-O2
. SPI77E-O2
c SZ124E-02
L 475S4E-02
cAZZELEZE-OZ
e IPOITE-02
. ZS4L0E-02
« 21SR4E-02
« 28712E-02
. 26574E-02
« Z84434LE-02
P 22292E-02
 SUEZZE-OZ
17111E-02
1 7590E-02
« 16529E-02
 15471E-02
« 1453 AE-O2
«14027E-0O2
1 3625E-02
«131446E--02
« 1 256LE-02
 119R7E-0OZ
. 11402E-0.
A 1OP8E-O2
.10343E—02

1

1

JAOSTIE-O . -~

200/40 um

. Z1OLSE+OZ
« Y20L0E+0O2
. 39205E+01
o 26LLZE+O1
< 10226E+01
«Z2I214E+00
« 2232386E-01
« 1844Z20E+00
. 7221 2E-01
« 42921E-01
« 2S650E-01
. 22955E-01
« 30206E-01
. 17520E-01
«15420E-01
« 122327E-01

20I7E-01
SO4E-0OZ
72522E-02
L£1057E-02
« S4237E-02
« 41 T7E-O2
«42220E-02
« ZT7SLITE-O2
. 32472E-02
« 2ODVTE-Q2
« 26215E-02
«23141E-02
« 21006E-02
c18271E-02
« 167346E-02
« 1S0L2E-02
. 13542E-02
«12013E-02
« 109546E-02
P 9PI72E-02
e SP442E-02
. BR777E-02
«7E2107E-03
« 7TE2DVELE-OZ
cA7410E-02
o LZ22SE-QZ
« D70QZYE-OZ
« STETTE=QZ

11
92

>
£1

4 cm¥*cm
4 cmetcm

P43

. QOOO0E+QO
-. 12154E-01
-.10190E-01
-, S403YE-02
—. 63229E-02
- S7922E-02
- L2ZD70E-02
- &ZT720E-02
—.4710LE-02
-, JLIZ9E-0OZ
—e 2616SE-02
- 244L42E-02
-.31351E-02
- 14205E-02
-. 14516E-02
—-. 1 2852E~02
- . PLB8ZE-02
—. 62247E-07
—. 3PH1Z2E-0Z
- 2172&4E~-02
-, 21239TE-04

. S4067E-0Q4

. 14224E~-03

e 229BZLE-0O2

e 22665E-02

«28274E-03

« 43883ZE-03

« 427232E~-03

«S1871E-02

. S4959E-02

. DRO4LE-Q2

« HOBL4E-Q3

L267T7E-Q2

 LQDETE-O2

o GARAZE-O3

« &779CE~-03

e &PI7IE-QO3

«71840E-032

. 74202E-02

. 75225E-03

e 7SA70E-03

« 7S455E-0OR

« 7S237E-03

 7SVISE-Q3

7HLIT74E-OZ

L TT7INEE-O3

. F10SSE+03

. IZ0LOE+02

. 3YR05E+01

. 26663E+01

. 10236E+01

. 223814E+00

. 23386E-01
~.14430E+00
-.72214E-01
-, 43922E-01
-. 25651E-01
-. 22555E-01
~. 30806E-01
-.17S21E-01
-. 15420E~01
-. 13327E-01
-.11309E-01
-. 92805E~-02
~.72528E-0Z2
-.£155SE-02
-.54237E-02
- AL91LE~OZ
-.42229E-02
-.8721SE-02
-.33478E-02
-.29297E-Q2
-.26315E-02
-.22141E-02
-. 21006E-02
-.18871E-02
- 16736E-0Z
-. 15048E-OZ
-. 13543E-02
-.12018E-02
-. 10956E-02
-, 99171E-0Z
-.87447E-0%
-, 83776E-03
-, 72106E-03
-, 72S9SE-Q%
-. 67409E-02
-. 62224E-Q3
~. S7029E-03
- . SRL77E-03
-. SO7IE-OZ
-.47794E~-03
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Wavelendgth
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LY.

- . SOITZE-O3
473231E-03
- 44270E-03
-.41745E~0%
=+ 39126E-03
E—(‘)P

100
102
104
106
102
110
112
114
114
112
120
122
124
124
1z2
120
132
124
1324
1728
140
142
tea
1424
142
152
154
154
152
140
)
144
1464
142
170
172
174
174
172

. 10410E-0Q
L 10223E-02
.1004_E oz
« P2S4ZE-0O3
«PEELQTE-OR
. P47 22E-02
« PEEDZE-0OZ
. POVEZE-Q2
» SR02ZE-03
. S9849E-03
. POZ2SLE-OZ
< 1QS2E-02
. P2435E-0O2
«PRI7R2E-0Z
 PDLBZE-OZ

. 22252E-03
« S403E-OZ
« 77209E-07
. BO7SZE-03
. 24EEZE-O2

SY41E-03

1 G G G

. TOPILE-QZ
L PIPIESE-QZ
s PS1Z25E-0Z
. 71451E-03
CB7772E-0OZ
« 24104E-0Z
« SAZSZE-OZ
. P0414E-03
« 74477E-07Z
e P7TO2E-0O2
. 10082E-02
« 1044702
«110S1E-02
 11A5AE-02
«11%7LE-OZ
. 11715E-02
« 11454E-0Q%F
L1119Z2E-02
« 1S2LYE-02
. 21625E-02
L 27S00E-02

-. 3465

— 2RLZPE-OZ
— . 26772E-02
—. 28505E-03
—.24027E-02
— 227T1E-OZ
—.214746E-Q2
—. 20002Z2E-02
—. 17322E-02
~ 157462E-03
—. 12444E-02
- 1 2425 E-Q3
- 12132E-02
~a 114E82E-032
—. 10692E-023
—,'-/I-.4 WoE—-Q4
Z90E-04
- 20215E-04
—-.74040E-04
- A£7221E-04
—-.S3755E-04
- S0270E-04
—,41&345 04

-. 271S7E-04
—.25270E-04
—-. 21281E-04
—. 17624E-04
—-.14L£74LE-04

~. 11728E-04
= POZZVE-OS
SS0E-0D
LSS E—-OS

-, 2S021E-0O%
—. 1492SE-0%
-, 7844L77E~-QA
- 28422E-1Z2

= 10.4 um
1/a = 300/60 um
P22 P2z
« 1041 0E-02 -, 4S4L45E-O

 10228E-0Z
« 10045E~-02
« PESQ2E-OZ

 PEEQZE-OZ

P2EZZE-03
. POIEBE-O3R
« 29022E-02
. 87449E-03
. YOZSELE-0R
< 7102RE-03
. '-’2'4 '-le 03
- PI7RZE-QZ
« PIESZE-O2
22352E-03
. S402RZE~03
. 77209E-02
« ZO7SZE-03
.H4UA*E 02
SY41E-OZ
.Uﬁ?w E-03
DE2IPE-O3
« D797 LE-0QZ
. POPSLE-0O3
« PIVISE-QZ
«YS1IZ5E-03
Z1451E-032
« BT772E-02
. Z24104E-03Z
e DLITZE-OZ
e POA16E~02
« 7447JE-032
« PT70OZE-03
« 10028E-02
- 10447E~Q2
. 11051E-0O2
« 11656E-02
« 11974E-02
< 11715E-02
. 11454E-02
«11173E-02
« 121322E-02
«1S571E-02
. 12045E-02

= 4Z2496E-03
—.41442E-02
= 3VIL2RE-02

ZEIVIE-0Z
SS9E-0=
FEZZSE-OZ

.337¥UE oz

- BIHSQE—O
.glé4?E o2
?14gQE—OS
.gl SE-Q2
.o16*7E—Ud
-.31234E-02
—-.2947C2E-0Q3
—.27672E-03
— . 29846E-023
~ e 26195E-0O2
- 27361E-02
—. Z8526E-02
. 4.' 37 E_()"
- 2SOZ4E-02
- 27905E-O2
_c.-L“7L‘ 'E 0
- ZEELLHE-OZ
-, 2U9A4E-QZ
—.22772Z2E-0Z
- 27521E-0OZ
- 2L IE-QZ
— e Z70L7E-0Z
—ZB318E-0Z
- 29S6SE-OZ
- IOSLZE~-OZ
- 21546E-02
— L JZ2LSSE-0O2
—-. 34527E-0Q%
= Z64Z20E-03
—-. 3741 4LE-0QZ
- 2ASI2E-Q2
- 3S720E-02
-, 23IALE-O2
— . 74822E~-02
—. 12867E-02
—-. 1804SE-02

SEITE-0G
.7?4d7E 0z

« 7PITZE-QZ

« 79617E-03
. 792L2E-0O3
. 73707E-03
. 73552E-03

73197E-03

773242E-032
. 79062E-03
. SOS42E-02
L B2027E-03
. SESZ20E-02
. BHA04E-03
. SEO001E-03

-03
.753445—03
. 7IIR4E-O3
.53424E—03

450E-03
.CﬂﬁélE—D3
479Q4E—0?
.E-.”OE 03
IBR7LE-OQZ
. POOZ0E-03
. SOL02E-03
L I2174E-03
. 7974SE-0X
SILIAE-O3
. SS800E-02
« SRELLSE-O2

e 7LhE oz

YS797E-03
. PP21BE-03
. 10497E-Q2
. 11072E-02
. 11377E-02
» 111IZVE-02
10SIE-O2
« 1O6FIE-O2
. 7327CE-03
« F7ESVE-OR
. 145

-, 454L45E-073
« 42494LE-0Z
«414462E-07
« IPVZRE-03
39ZE-03
SPE-03
Z2SE-03Z
. Y0E-03
.?2¢56E 0z

« F13T9E-0Z
e 21649E-02
« 3145C2E-02
« Z1S45E-02

« 21AZTE-QZ
e 21224E-0Z
« Z94723E-0Z
«2TLTZE-OQZ

. 4.-.""/*6E O =
« Z2H195E-0Z
« 27261E-02
« 2ES26E-0Z
e DBI7E-0Z
« Z2024E-03
e 27F0SE-02
. 28725E-0O3
« 2F6L6E-0QZ
« 299L4E-QZ
. 28772E-02
e 27521E-0Z
e 263RFE-03
e 270Q67E-03
« 28318E-02
« 2ISESE-0Q32
e ZOS6IE-0Z
s J1S44E-02
« 32655E-03
- J4527E-0Z
« 36420E-QZ
« 741 LE-OZ
e 26SYIE-OZ
« SS720E-0QZ
« S49L1E-0Q2Z
« 4VSLEE-OZ
cLT772VE-QZ

1

)
@

o~
\l W0

- 1)

O]
[FS A ]

22E-10 -, &85392E-0%

o — — —— ——— — ——— o — o —— —— o T S Tk e S S S—— — T G — o —t— — T ——— b St T ——— T T S T ——— ——— — — " _— o T A . . S S St S S . S




bl
&

70

74
74
7%
=0

=
24

Iy

« Z7S2RE+Q2
D27 EPEXQO2
« 1S742E4+02
« 7E270E+01
e 27622E+01
. 118322E+01
e 784621E+00
« SS7LSE+OO
« 42250E+00
« 27017E4+00
1RE27E+00
- 121S2E+00
- 10523E4+00
« AS2Z0E-01
15029E-01
. P1224E-02
e 72291E-0Q2
 L2YIZE-OQOR

OFIE-02

ZD449E-02
. F1PL2E-O2
L ZRDLOE-O2
23247E-02
«Z22143E-02
. ZO1D7E-0Z
« 12AZ0E-02
. 17203E-02
« 152546E-02
< 137466E-02
. 12849E~0Z
« 11972E-0%2
- 11244E-02
» 105232E-02
. 7ESD0E-OZ
«F1269E-07
. 2H4RTE-OZ
¢ B1ALOE-OZ
« 7EDAZE-O3
« 7330ZE-073
« 7200ZE-O3
o« LGOADLE-OR
 fTEIOE 03
CAETUHIE-O
SO VSSE )

Real
Imadinary refractive indes ).

Scatterind crass
Extinctiaon

Wavelendth

« QOOOQOE+QO
< 14215E-02
« 17620E-02
- 12719E-02
. 2439CE-02
. S2523E-04
. 22022E-02
c Z20731E-02
« 19439E-Q2
L PI2Z9E-0OR
. 47454E-02
- 92445E-0Q5S
27E-032
» 2004 LE-OQ2
- 21567E-02
- 21040E-02
« 201427E-Q2
19059€-02
A 79649E-02
« LAEBSTE-OZ2
 19256E-02
» 14929E-02
« 1400Z2E-0Q2
«12121E-02
1226E-02
L11221E-02
« 10540E-02
10072E-02
. PSRL40E-0O3
. 2797 LE~-OZ
LB1S41E-02
77 210E-03
« 7227202
o LTGOSE-O

=T

SALASIE-OD

P SERIZE-O2

CEZVITE-OZ
A IIREE~OS

o BEIVELE-OQOD
L4404 -02
ML PTRE-OT
, ARAVSE -0
L ALSHEE-OD
o DA 1YTE 0
LAV E-0x

crass

refractive index

Wi

1/a

C27121E+02
« 22L90E+02
. 1374ZE+02
. 72270E+01
e 27622E+01
. 1122ZE+01
. 74 A20OE+0O0
e S27L4E4O0
L B4 ERE+OO0
e Z27O1SE+OO
e 136Z5E+00
CA1Z1ISIE+OOQ
« 10922E+00
LASREZTE-OL
. 150276-01
127 0E-02
» 722E1E-OZ
 LZIBZE-OZ
 S2025E-02
 B4525E~02
P FEPRIE-O2
L 20441 E-02
« F1PELEOE-O2
o ZESSZE-OZ
« 25240E-02
e Z2Z2122E-OQ2
s 20152E-02
1267 LE-OQZ
« 17200E-02
e 15252E-02
1376ZE-0Q2
1 2846LE-02
« 1194£3E-OQ2
L11241E-02
« 1OS20E-02
 PRG2ZE-O3
«P1Z242E-03
P B4 LSE-OX
LELA4EE-O3
L TES2E-O3
7D2V4E~O3
c7VPPIE=O3
o GEATE

SE~O3

csection
csection
=ingdle scatterindg alhedao

10,4
20/27.5

nu
—
N
H
N

um

L 27121E+02

- 22S4T7EXO2

¢ 15641E4+02

. 77720E+01

« Z26907E+01

« £1EBZE+OO
-« 134Z20E+00
-.87042E-01
- JPE82ZE-01
-. 15874E-01
-. 10154E-02

P H14E2E-O1

« PISVE-OL

. Z0142E-01
= PO1L2E-0O2
—.B7513E-02
= L26Z7E-Q2
— . S263IVE-02
-.43641E-02
-.41032E-02
—. 3544LSE~OZ
—.22014E-0Z2
 22D62E-02
—=. 251324E-02
- 21752E-02
= IBLAZE-O2
= 164676E-02
- 15193E~-02
-.12710E-02
-.11791E-0Z

~-.77421E-02=
—.70057E-02
- &EST7T7E-OZ
~. S70V6E-0OZ
—.S1444E-0OZ
=, 4A32Z4E-O2
~.42144E-03
- IPVIGE-OZ
= 37173032
—~ . 34262E-02

3 - JZTITE-OZ

. 30472E-0Q2

cmECm
cmECm

P44

-.11473E-01
-.11250E-01
—.49727E-02
-.71?74E-02
~. 1023232E-01
-.120%0E-01
-. 102320E-01
—. Y6711E-02
—.7&4172E-02
~. 49672E-02
= 2EQLSE-02
= 19764E-02
—.17429E-02
—. 11325E-02
- 80512E-0Z
—. S5A23E-02
-.41107E-0%
—. 26525E-02
- 13P42E-02
~. 40224E-04
. 16044E-04
«72415E-04
. 13277E-02
. 17S47E-03
2421 3E-02
. 27457E-02
« Z0045E-O3
. F2AFZE-OZ
. SI4S09E-02
cZA412E-03
JETREZE-0O3
 FS4REE-OZ
L AQ7Z7E-OZ
P 42225E-02
SAZTIZE-OR
. A2200E-03
CAZ7ZZE-OR
L A4242E-03
CAST2RE-OR
c4A016E-OZ
«4S445E-03
«A4S274E-03
cAL442E-O2
LA7054E-0O7
ALZEZE-OT

. 26702E+02

« 22422E+02

. 15441E+02

. 77720E+01

« 26907E+01

e G1ESLIE+OQ
-.13421E+00
-. 827052E-01
—-.329290E-01
-.15281E-01
-.10201E-02

< 61ES0E-0O1

« 39RGS7E-01

.Z0147E-01
-.P01463E-02
-. 2791 2E-02
- GBLTEE-Q2
- SSLTZLE-OZ
~-. 4236326E-02
-.41072E-0Z
—- . 3544L0E-02
- 2Z2009E-02
- 2558E-02
- 251 20E~-02
- 21754E-02
—. 18661E-02
- 16676E-02
-. 15194E-~-02
- 123712E-0Z
-.11793E-02
-. 10324E-02
- PQTLEE~OT
-, 85492E-Qz
-.77417E-02=
—. 700S3E-02
- AZDAIE~OZ
- S7024E-0%
-.S514Z4E~02
—-. 4623223E-0Z=
-, 4321 32E-032
-, 39977E-QZ=
- 371469E~02
- 243L0E-0Z
—. Z2R27E-O0Z

-, Z0473E~0

H

RN R A A ST T T T I e




 LOSYRE-O
. HO4LZE-O3
A1 Z0O4E-Q2
cSPIZ21IE-0O3Z
 DETZTE-OZ
cSA04ZE-OT
.u7°7’E nf
g47;éE—u?
S43I7LE-OZ
S4014E-0Z
SRAZIE-O3
CEERZOE-0O3
CSILABE-O3
«SZOISE-OZ
e SRIZTE~OZ

«S12327E-03
«S1S47E-03
L S1T74A7E-O3R
CS1IIT7E-03
e S2Z207E~OZ

. _'3.”17t"“"
CS1942E~0Q2
e SI2OTHE~OZ
CSZ110E-07
CSZ1IZIE~O3
CSZOYIE-0O2
.5“077E—n€
"014E—na
e SZOISE-O2
cS2120E~0Z

CE2222E-0%
S2ZZ24E-03
. S2426E-03
LS2011E-0O3
. -1".()(\E n"

.4047ut 0;
SOSSIE-OD
 SEBLZE DR
CSP047E-07
B TEVEE-Q
L F2Z001E—=02
CJOFTIE-O2

~~~~~~

Wavelens

— e ZWEST7T7E-QZ
*.-_1’ E-O3
-, 27054LE-OQZ
—.2514Z2E-0%2
- 2OZTTOE-OQZ
e 2166Z2E-03
 DOLTHE-OQZ
- 12A92E-03
AT7277E-02
e 16327E-03
L1S277E-02
-, 14155E-0Z
- 12024E-02
- 1227%E-02
-.11524E-0Q2
- 10524E-02
PRI SE-04
—.27L£20E-04
-.21421E-04
—.75223E—04
- LTQZ4E-0O4
-.61377E-04
—.bEEWOE—uq
-.31211E-04
-.470ZZ2E-Q4

ISEZAE-Q4
Z1E-04
*7E-04
L ZO22TE-OQO4
. SL01T7E-04
LE1T11E-O4
1 2279E-04
. 1 6A47E-04
. 1401464E-04
- 11224E-04
- Y4992E-05S
- 77524E-05
- AQOSTE-OQOS
GESIE-OS

I

-.17120E-05
—-. 11z

'llE—nL

th =

173 0

L LQTVEE~QR
L EOQLETE-OZ
CALZO0ZE-OZ
« DP1Z20E~-QZ
L SEPZTE-OR
« SEO4ZE~-0O3
s ST7297E-02
« SDLRTE-OR
. S4725E-03
P D4 R75E~OZ
- 44()1/ E—()-‘:~

S201SE-OZ

.52““3E—03
s S12Z27E-O2
CS1S47E-03
L1 T7LTE-O3
«S1PB7E-Q2
s S2ZO7E-O3

- SR017E-02
cS1Y4Z2E-0O2 —

CS2OZ2AE-02
LSE110E-02
LS21IZ2IE-OR
L SZOTIE-0O3
L S2QT77E-0O3
c SZOSSE-02
e S20O3RRE-O=
e SZ012E-O2
OS2I ZOE~-O3
 SR2ZZE-OR
.52?'4E—04
« D2AZ2EE-OQT
-J_OllE—UJ
.glanE -0

.J_*ﬁhE n-
« IVOATE~OR
LT EVEE-QR
TLA7SE~-Q3
ELASE-O2

10,4

L

/2705 um

-.‘q74 E ﬂ?
- ES2LLE-O32
— . 2ERYOZE-O3
- ZEOERE-OZ
—. 21680E-0QZ
-.21519E-0Z
—Z20412E~-073
-, 19707E-03=
—.193245—03
. 1894ZE-0%

~. 12S14E-0Z
1“1=“E—nﬂ
. 1774SE-02
«17722E-073
—.17240E-03x
—. 1465240E-02
—.16216E-02
- 16721E-0O3
- 1A7L7E-QZ
—.164742E-0%
— 1659 2E-03
14514E-02
- 16501E-03
— e 1 £6439E-O3
—e 1644ZE-Q2
—. 14429E-03
— 1 AZP6E~-OS
- 1626ZE-Q3
.léiiOE—n.
. 1AZ00E-0OZ
.16323E—03
.163468—03
L1 AEIE-OF
.lﬁ Y1E-OZ
162S7E-02
.1éUﬂ4E—0;
- 15921E-03
- 15742E-02
.1°7ilE O3

ZE-OZ
—.JEVIJF—UJ

SE-OZ

-.211:3

LR P R e I N

DRI

C ASLOTVE-OZ
BLEZZE~OR

4223 7E-02
.473°0E 03
cBAZOZE-QZ
4691 2E-0Z
c42200E-0O2
AZ2ZI2E-Q32
cA20Z0E-03
L 42102E-0Z
<417 464E~-032
L A2224E-073
«ASZ9TE-O2
« 424IT7E-O3
42TYRE-03
422 17E-03
4751E-0Z
.47710E-03
L AS2SPE-03
. A2602E-O3R
429S7E~-O=
. ATFOLE-O3
L 4EYZEE-03
« 470LATE~-0Z
cAPZOZE-O2
FI2E2E-032
CA4P274E-02
49291E-03
« 4920SE-02
« 4F3Z2TE-OZ
49 242E-0O3
» 49456E-03
« 495L0E-0Z
« 3I673E-02
4972 2E-03 -
« 4F3II2E-0Z
4SS P10E-02

J4'”E-Z3
47/4#5 03
L QER025E- 0.5
CAP7IVE-0OZ
SAHEOZTE-0Z
« LATIIE-QZ
4927 Z2E-Q2
T27L0E-11

Lol

—.L474LE 0&
- 2S2LLE-0O2
- ZRP0LE-0Z
- ZPRESE-OZ
- 21640E-0Z=
-.21519E-072
-.20412E-02
- 19707E-QZ
—.19224E-02
- 18942E-03
-. 12514E-03
- 12153E-03
.17?4hE—0g
-.17722E-03
- 17240E-02
—. 14240E-02
- 146216E-0OZ=
- 1£721E-0%
- 16767E-QZ
—.14742E-03
—. 146592E-0=
- 146514E-02
- 1AS01E-OZ
.1é4?wE—O;
—. 1464462E-03
—.16429E—03
1AQ?AE—0°

. 1/: _"/:- E—-O3
?(’)E—(‘) =
nE—u“

i |
L]
[

1,.1 I'U L) |_,.|
f\J -_)
[

m
O
£

[l Dl o~ oo

—.1&?6°E—n-
« 16221E-02
—.16 S7E-QZ2
. 16094E-03
- 159321E-02
- 1574623E-02
-, 15771E-Q=
- 1AZSZE-0O2

= 134 2L6E-03
- 2113Z2E-032
= 22RIZE-0Z
—. 32424E-0%=




,..
g g . o
S S A A
2,

-
P

<,

‘.

NSl g ———r
. Y

.

S
-

e

®

L EL A Ly
S, L ST L Y
& Ty ALY v

A e

m
!
_,w

2 .
.
sy -t
- .
N 1Y
“ eas

v

Db




